Abstract The purpose of this study was to examine influencing factors and outcomes of accelerated partial breast irradiation through brachytherapy (APBIb) versus whole breast irradiation (WBI) for ductal carcinoma in situ (DCIS). ). This population-based study suggests that APBIb use for DCIS was influenced by patient and tumor characteristics as well as urbanization of residence. We observed a moderately increased IBT risk associated with APBIb versus WBI, suggesting that APBIb should be used with caution for DCIS before data from randomized controlled trials with long-term follow-ups are available.
Introduction
Breast-conserving surgery (BCS) followed by external beam radiation to the whole breast irradiation (WBI) is considered the standard of care for early stage breast cancer [1] [2] [3] . Accelerated partial breast irradiation through brachytherapy (APBIb) is a new technique that delivers radiation to the tissue immediately surrounding the lumpectomy cavity, which is at the highest risk of recurrence. Compared with WBI, APBIb typically requires shorter treatment times and, due to the targeted nature of delivering radiotherapy from inside the body, allows less radiation to unaffected breast and other tissues [4] . However, APBIb could not irradiate cancer cells in the untargeted part of the breast and may result in increased local recurrence risk. In the absence of evidence from randomized controlled trials demonstrating equivalent benefit in local control with WBI, APBIb has been increasingly used from 2 % in 2002 to 10 % in 2006 for invasive breast cancer [5] [6] [7] [8] .
Little is known about clinical outcomes after APBIb for ductal carcinoma in situ (DCIS), a precancerous breast lesion with treatment options similar to early invasive breast cancer. APBIb is not considered suitable for DCIS according to the American Society for Radiation Oncology (ASTRO) guidelines [9] . However, 6.5 % of DCIS patients from the Commission on Cancer (CoC)-accredited hospitals received APBIb following BCS. APBIb use was associated with characteristics of patients and facilities where patients received treatment [10] . Limited data are available regarding influencing factors of APBIb use for DCIS in population-based cancer registries. A pooled analysis of a single-arm clinical trial and a series from William Beaumont Hospital documented favorable outcomes in 300 DCIS patients treated with APBIb (nine ipsilateral breast recurrences at 5 years) [11] . However, this did not allow for direct comparison of APBIb to WBI.
In a population-based cohort of women with DCIS who received BCS and radiotherapy, we examined influencing factors of APBIb utilization and the association of APBIb versus WBI with the risks for developing second breast tumors in the ipsilateral and contralateral breasts.
Methods

Study sample
We used data from the National Cancer Institute's Surveillance, Epidemiology, and End Results (SEER) program, which captures approximately 97 % of incident cancers from population-based cancer registries and covers nearly 28 % of the US population [12] . De-identified SEER data were used, exempting the study from review by our Institutional Review Board.
Given the clearance of the balloon-based breast brachytherapy device in 2002 by the US Food and Drug Administration (FDA), we selected women with first primary, unilateral DCIS diagnosed from 2002 to 2011 who received BCS and radiation therapy (n = 41,300). We excluded patients who had incomplete treatment information, a cancer history, a diagnosis through death certificate or autopsy, or no information on age at diagnosis or county where they lived (n = 551). This study included 40,749 patients.
APBIb and WBI
Patients who received external beam radiation with or without a brachytherapy boost were assigned to the WBI group. Patients who received radioactive implants or radioisotopes alone were assigned to the APBIb group [6] .
Covariates
Patient-level covariates included age (\50, 50-59, 60-69, 70-79, or C80 years), race and ethnicity (non-Hispanic white (hereafter called white), non-Hispanic black (black), non-Hispanic Asian (Asian), Hispanic, or others), marital status (married, unmarried, divorced, widowed, or unknown), and registry. Tumor characteristics included tumor size (B10, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , [30 mm, or unknown), nuclear grade (well differentiated, moderately differentiated, poorly differentiated, or unknown), histological subtype (not otherwise specified, comedo, papillary, cribriform, or solid), and estrogen receptor (ER) and progesterone receptor (PR) status (ER?/PR?, ER?/PR-, ER-/PR?, ER-/PR-, and unknown).
County-level covariates included socioeconomic deprivation, urbanization (urban, near metropolis, or rural), and number of radiation oncologists per 10,000 cancer patients. Using the principal components common factor analysis as described previously [13] , we identified six county-level variables from the 2000 US Census that had substantially higher factor loading on the first common factor and a high internal consistency (Cronbach's a = 0.93). They were percentage of the total adult population with less than high school education, percentage of unemployed adults, percentage of households without phones, percentage of households on public assistance, percentage of population below federal poverty line, and percentage of households in poverty. A county socioeconomic deprivation index was computed by summing the six county variables weighted by their standardized scoring coefficients. We used the 2003 rural-urban continuum codes (ranging from 1 to 9) developed by the US Department of Agriculture to define urban regions as counties coded as 1, near metro regions as counties coded as 2-5, and rural regions as counties coded as 6-9 [14] . We obtained the physical addresses of radiation oncologists from the US National Plan and Provider Enumeration System database and the total number of incident cancer cases during the study period from the SEER. The number of radiation oncologists per 10,000 cancer patients was computed for each county.
Disease outcomes
The diagnosis of a second primary breast tumor was determined according to SEER rules for defining multiple primary cancers [15] . A breast tumor following DCIS diagnosis was registered as a second primary breast tumor if it was histologically different, occurred more than 5 years after the first DCIS, or was identified in the contralateral breast. An invasive breast cancer in the ipsilateral breast following DCIS was also registered as a second primary breast tumor if it was identified more than 60 days after diagnosis. For this analysis, ipsilateral breast tumors (IBTs) and contralateral breast tumors (CBTs) were defined as second primary breast tumors occurring in the ipsilateral and contralateral breasts, respectively. We excluded IBTs and CBTs identified within the first 6 months of follow-up to increase the likelihood that they represented true second primaries rather than residual disease or synchronous bilateral primaries. Person-years were calculated from 6 months after the first DCIS until the date of the second primary breast tumor, death, or December 31, 2011, whichever occurred first.
Statistical analysis
Baseline characteristics were compared between groups with Wilcoxon rank sum tests and v 2 tests. We performed a two-level multivariable logistic regression analysis to estimate odds ratios (ORs) and 95 % confidence intervals (95 % CIs) of ABPIb use for patient-level and county-level factors. This model accounted for the non-independence of treatment selection among patients from the same county.
To minimize any imbalances in covariates between the radiation therapy groups, we estimated the association of APBIb versus WBI with the risks for IBTs and CBTs in a propensity score-matched cohort. Evidence suggests that variables that are related to the disease outcome should be included in a propensity score model [16, 17] . All aforementioned patient-level and county-level factors, with the exception of marital status and radiation oncologists per 10,000 cancer patients, have been associated with DCIS or breast cancer outcomes [18] [19] [20] and thus were used to estimate propensity scores. Considering a low rate of IBTs and a relatively short follow-up, we matched no more than four patients who received WBI to each patient who received APBIb on the logit of propensity scores using calipers of width equal to 0.2 of the SD of the logit of propensity score [21] . Nearest-neighbor matching without replacement was used. We computed standardized differences for covariates before and after propensity score matching, with a standardized difference of 10 % or more considered indicative of imbalance [22] .
The stratified log-rank test was conducted to compare the two Kaplan-Meier curves derived from the propensity score-matched sample [23] . Marginal hazard ratios (HR) of IBTs and CBTs were estimated using Cox proportional hazards regression with a robust variance estimator that accounts for matching [23, 24] . IBT and CBT were analyzed as competing risks. The proportional hazard assumption for APBIb versus WBI, which was assessed using an interaction with log-time, was appropriate. Finally, we assessed the sensitivity of the result to unmeasured confounding using an array approach [25] . All tests were performed two sided at the 5 % significance level using SAS (version 9.3; SAS Institute, Cary, NC).
Results
Among 40,749 women receiving BCS and radiation therapy, 2212 (4.5 %) received APBIb between 2002 and 2011. The median age at diagnosis was 58 years (range 18-100). Racial and ethnic minority patients comprised 22.1 % of the patient population, and 12.1 % were unmarried. The patient population was further characterized by 5.3 % with tumors [30 mm, 41.5 % with poorly differentiated tumors, and 10.6 % with comedocarcinoma. ER status was available for 74.3 % of patients, of which 85.0 % were positive. PR status was available for 70.1 % of patients, of which 74.9 % were positive. Compared with patients who received WBI, patients who received APBIb were significantly older at the diagnosis of their first DCIS and were more likely to be white or black, be diagnosed more recently, and have small, well, or moderately differentiated, ER?/PR? and comedo tumors (each P \ 0.05). APBIb use varied substantially across SEER registries; ABPIb was used more frequently in patients living in urban areas and counties with the least socioeconomic deprivation (each P \ 0.0001) ( 
Matching
Women who were free from second breast tumors for at least 6 months after the first DCIS were eligible for the analysis of disease outcomes (n = 38,514 significant difference in the cumulative incidence of IBTs was observed between APBIb and WBI groups, with a 5-year rate of 2.0 % in the APBIb group and 1.0 % in the WBI group (Fig. 1a , P = 0.03). However, the cumulative incidence of CBTs was similar between APBIb and WBI groups (Fig. 1b, 1 .5 vs. 2.0 %, P = 0.91).
Compared with women receiving WBI, women receiving APBIb had significantly higher IBT risk (HR 1.74; 95 % CI 1.06-2.85) and no difference for CBT risk (HR 0.91; 95 % CI 0.59-1.41) in the propensity score-matched sample. We also estimated the HRs using the propensity score adjustment method among all eligible women, with an HR of 1.68 (95 % CI 1.13-2.49) for IBTs and an HR of 0.87 (95 % CI 0.65-1.15) for CBTs ( Table 3) .
The array-approach sensitivity analysis showed that an unmeasured confounder would have to be moderately imbalanced in the prevalence between the APBIb and WBI groups and moderately associated with IBT risk to account for the observed HR for APBIb (Supplementary Tables) . For example, if there was a 10 % absolute difference in prevalence of an unmeasured confounder between two groups of radiation therapy, an HR of at least 1.7 was required for an unmeasured confounder to attenuate the observed HR for APBIb to nonsignificance.
Discussion
In a nationally representative cohort of women with DCIS who received both BCS and radiation therapy, APBIb was more likely to be used in older patients, white patients, patients with small tumors, comedo subtypes, ER?/PR? tumors, patients living in urban areas, and patients diagnosed more recently. Compared with WBI, APBIb was associated with a significantly higher risk of IBTs and a similar risk of CBTs during a median 46-month follow-up.
APBIb may be inappropriate for DCIS according to the ASTRO guidelines. However, 4.5 % of our sample received APBIb between 2002 and 2011, which was lower than that in DCIS patients from the CoC-accredited hospitals (6.5 %) [10] . APBIb use for DCIS and invasive breast cancer increased significantly from 2005 through 2008 and stabilized afterward, possibly reflecting the beginning of Medicare reimbursement for APBIb in 2004 [26] , and then decreased reimbursement for APBIb by Centers for Medicare and Medicaid Services in 2008 and the ASTRO guidelines published in 2009 [9] .
Multiple patient and tumor characteristics have been related to APBIb use. An analysis of the National Cancer Database showed that being older, being white, having WBI whole breast irradiation, APBIb accelerated partial breast irradiation through brachytherapy, IQR interquartile range private insurance, and having small tumors were associated with increased odds of APBIb use for DCIS [10] . Although poorly differentiated DCIS and comedo DCIS are associated with increased IBT risk [27] , we found that APBIb use was comparable between women with poorly differentiated tumors and those with well-differentiated tumors, and that women with comedo DCIS were more likely to use APBIb. We analyzed the influence of ER and PR status on APBIb use for DCIS as women with ER-/PR-DCIS may have higher IBT risk [27] . We found that patients with ER-/ PR-DCIS were less likely than those with ER?/PR? DCIS to receive APBIb, which was consistent with the result reported in women with early invasive breast cancer [7] . APBIb use for breast tumors was reported to vary substantially across large geographic areas [6, 7, 10, 28] . We found a higher prevalence of APBIb for DCIS in urban regions, which was consistent with previous reports of increased APBIb use for DCIS or invasive breast cancer among women residing in urban areas [6, 10, 29] . We did not find an association of county-level socioeconomic deprivation or number of radiation oncologists per 10,000 cancer cases with APBIb use. Yao et al. [10] reported an increased use of APBIb for DCIS in women residing further from radiation treatment facilities.
There are limited data from prospective clinical trials evaluating APBIb for DCIS. The American Society of Breast Surgeons MammoSite breast brachytherapy registry trial has the longest follow-up (70.6 months) and largest number of DCIS patients (n = 192) to date. Seven local recurrences were reported, and the 5-year actuarial IBT rate was 4.1 % [30] . The MammoSite DCIS phase II clinical trial used intracavitary balloon APBIb and reported two IBTs in 100 patients but had a short follow-up of 9.5 months [31] . Another prospective trial evaluated intracavitary balloon APBIb and included 41 patients, with four IBTs reported at a follow-up of 5.3 years [32] .
Data comparing APBIb and WBI with regards to DCIS outcomes are lacking. In the Hungarian phase III trial for invasive breast cancer (n = 258), there was no difference in risks of local recurrence, overall survival, cancerspecific survival, or disease-free survival at a 10-year follow-up between the accelerated partial breast irradiation (APBI) and the WBI groups [33] . However, APBI was delivered through an electron beam in addition to brachytherapy for APBI in this trial. Several randomized controlled trials are ongoing to compare local control effects of partial breast irradiation and WBI [34] [35] [36] [37] [38] [39] [40] [41] .
We observed a 74 % increased IBT risk in women receiving APBIb versus WBI. However, the absolute difference in the 5-year rate was only one per 100 patients. The moderately increased IBT risk might be acceptable to some patients after considering the benefits of APBIb. Due to a small number of DCIS patients receiving APBIb and few IBT events, our results need to be validated in randomized phase III trials with longer follow-ups.
This study had limitations. Some potential confounders were unavailable, including surgical margins, multifocality, endocrine therapy, and comorbidities. Women with positive margins, due to a higher IBT risk [42] , are not recommended for APBIb [9] . APBIb was more likely to be used in women with hormone receptor-positive DCIS, who typically received endocrine therapy. Thus, lack of the information on surgical margins and endocrine therapy may result in the underestimation of DCIS outcomes in APBIb patients. Comorbidity was not related to APBIb use for breast cancer [7] . Data from William Beaumont Hospital showed comparable IBT rates between APBIbtreated breast cancer patients with and without multifocality [43] . In addition, the classification of external beam radiation as WBI might include APBI using external beam techniques such as three-dimensional conformal radiotherapy or intensity-modulated radiotherapy. APBI delivered through external beam technologies was reported to account for 3.3 % of all external beam radiation delivered between 2003 and 2010 [7] . There was a potential for misclassification of residual disease as second primaries. We attempted to reduce this misclassification by restricting WBI whole breast irradiation, APBIb accelerated partial breast irradiation through brachytherapy, 95 % CI 95 % confidence interval second primary cases to those that were diagnosed at least 6 months after the first primary DCIS. Additional limitations included the short follow-up and the incomplete capture of second breast tumors, especially second DCIS occurring in the first 5 years, by the SEER program. In summary, APBIb was associated with a moderately increased IBT risk in DCIS patients during a median 46-month follow-up compared with WBI, while the absolute difference in the 5-year IBT rate was small. APBIb use for DCIS was influenced by patient and tumor characteristics and residential location. Given the long natural history of breast cancer, future work should focus on longterm local control outcomes of APBIb versus WBI. APBIb has been associated with worse breast preservation and increased complications in older women with invasive breast cancer compared with WBI [44] . Radiation therapy may represent overtreatment for DCIS patients at low IBT risk [45, 46] . Therefore, a patient's risk of IBT derived from histopathological factors and molecular subtypes, benefit, harms, and costs of APBIb should be incorporated to define DCIS patients most appropriate for APBIb.
